We calculate the cross section of J/ψ inclusive production in lepton-nucleon deep-inelastic scattering via the weak charged current within the factorization formalism of nonrelativistic quantum chromodynamics. The hadronic system produced in association with the J/ψ meson can be of light-quark origin or contain charm. We take into account both direct production and feed-down from directlyproduced heavier charmonia. We provide the cross sections of all contributing partonic subprocesses in analytic form. We present theoretical predictions for the J/ψ transverse-momentum and rapidity distributions, which can be measured in current neutrino-nucleon scattering experiments at CERN and Fermilab, and possibly at the future electron-proton collider THERA at DESY. We find the cross section to be at the edge of observability at DESY HERA.
Introduction
Since the discovery of the J/ψ meson in 1974, charmonium has provided a useful laboratory for quantitative tests of quantum chromodynamics (QCD) and, in particular, of the interplay of perturbative and nonperturbative phenomena. The factorization formalism of nonrelativistic QCD (NRQCD) [1] provides a rigorous theoretical framework for the description of heavy-quarkonium production and decay. This formalism implies a separation of short-distance coefficients, which can be calculated perturbatively as expansions in the strong-coupling constant α s , from long-distance matrix elements (MEs), which must be extracted from experiment. The relative importance of the latter can be estimated by means of velocity scaling rules, i.e., the MEs are predicted to scale with a definite power of the heavy-quark (Q) velocity v in the limit v ≪ 1. In this way, the theoretical predictions are organized as double expansions in α s and v. A crucial feature of this formalism is that it takes into account the complete structure of the QQ Fock space, which is spanned by the states n = 2S+1 L (ζ)
J with definite spin S, orbital angular momentum L, total angular momentum J, and colour multiplicity ζ = 1, 8. In particular, this formalism predicts the existence of colour-octet (CO) processes in nature. This means that QQ pairs are produced at short distances in CO states and subsequently evolve into physical, coloursinglet (CS) quarkonia by the nonperturbative emission of soft gluons. In the limit v → 0, the traditional CS model (CSM) [2] is recovered. The greatest triumph of this formalism was that it was able to correctly describe [3] the cross section of inclusive charmonium hadroproduction measured in pp collisions at the Fermilab Tevatron [4] , which had turned out to be more than one order of magnitude in excess of the theoretical prediction based on the CSM.
Apart from this phenomenological drawback, the CSM also suffers from severe conceptual problems indicating that it is incomplete. These include the presence of logarithmic infrared divergences in the O(α s ) corrections to P -wave decays to light hadrons and in the relativistic corrections to S-wave annihilation [5] , and the lack of a general argument for its validity in higher orders of perturbation theory. While the k T -factorization [6] and hard-comover-scattering [7] approaches manage to bring the CSM prediction much closer to the Tevatron data, they do not cure the conceptual defects of the CSM. The colour evaporation model [8] , which is intuitive and useful for qualitative studies, also leads to a significantly better description of the Tevatron data, but it is not meant to represent a rigorous framework for perturbation theory. In this sense, a coequal alternative to the NRQCD factorization formalism is presently not available.
In order to convincingly establish the phenomenological significance of the CO processes, it is indispensable to identify them in other kinds of high-energy experiments as well. Studies of charmonium production in ep photoproduction, ep and νN deep-inelastic scattering (DIS), e + e − annihilation, γγ collisions, and b-hadron decays may be found in the literature; see Ref. [9] and references cited therein. Furthermore, the polarization of ψ ′ mesons produced directly and of J/ψ mesons produced promptly, i.e., either directly or via the feed-down from heavier charmonia, which also provides a sensitive probe of CO processes, was investigated [10] [11] [12] [13] . Until very recently, none of these studies was able to prove or disprove the NRQCD factorization hypothesis. However, H1 data of
Analytic results
In this section, we present our analytic results for the cross sections of
in CC DIS, where l = e, µ, τ , N is the hadron target, and H = J/ψ, χ cJ , ψ ′ with J = 0, 1, 2. We work in the fixed-flavour-number scheme, i.e., we have n f = 3 active quark flavours q = u, d, s in the nucleus N. We treat the nucleus N and the quarks q as massless. The charm quark c and antiquark c, with mass m c , only appear in the final state. The cc Fock states contributing at lowest order (LO) 
1 if H = χ cJ . Their MEs satisfy the multiplicity relations
which follow to LO in v from heavy-quark spin symmetry.
We are thus led to consider the following partonic subprocesses
where (a, 
1 contributes, i.e., the prompt production of a J/ψ meson in association with an otherwise charmless hadronic system in CC DIS is a pure CO process.
We now define the kinematics, considering process (1) for definiteness. As in Refs. [16, 18] , we denote the four-momenta of ν l , N, l − , H, and j by k, P , k ′ , p H , and p ′ , respectively. The parton struck by the virtual W boson (W ⋆ ) carries four-momentum p = xP . We take the mass M of H to be M = 2m c . The invariant mass m of j is m = m c if b = c and zero otherwise. In our approximation, X has zero invariant mass, M 2 X = (P − p) 2 = 0. The CM energy square of the ν l N collision is S = (k + P )
2 . The four-momentum of W ⋆ is q = k − k ′ . As usual, we define Q 2 = −q 2 > 0, y = q · P/k · P , and the inelasticity variable z = p H · P/q · P . In the rest frame of N, y and z measure the relative lepton energy loss and the fraction of the W ⋆ energy transferred to H, respectively. The
The system X ′ consisting of j and X has invariant mass square M 2
As usual, we define the partonic Mandelstam variables asŝ = (q + p)
In the W ⋆ N CM frame, H has transverse momentum and rapidity
written in the form
where exploiting the multiplicity relations of Eq. (5). By charge-conjugation invariance, the results for process (7) coincide with Eq. (12) . The results for processes (8) and (9) may be obtained from Eq. (12) by scaling F a [n] with the factor 1/2 to account for the l ± spin average and by flipping the sign of A a [n] as required by crossing symmetry. Invoking the factorization theorems of the QCD parton model and of NRQCD, the differential cross section of process (1) can be written as
where f a/N (x, µ f ) is the parton density function (PDF) of a in N, µ f is the factorization scale,
is given by Eq. (12) , and
with λ(x, y, z) = x 2 + y 2 + z 2 − 2(xy + yz + zx) being Källén's function. The cross section formulas for processes (2)- (4) have the same form as Eq. (13) .
The kinematically allowed ranges of S, y, and Q 2 are S > (M + m) 2 , (M + m) 2 /S < y < 1, and 0 < Q 2 < yS − (M + m) 2 , respectively. We then evaluate the cross section of prompt J/ψ production as
The kinematic relations for νN and ep DIS given in Eqs. (15)- (24) of Ref. [18] and in Eqs. (17)- (24) of Ref. [16] , respectively, carry over to the present analysis. In particular, they are not affected by a finite value of m.
Numerical results
We are now in a position to present our numerical results for prompt J/ψ production in CC DIS. To be specific, we consider νPb scattering at CHORUS and e − p scattering at HERA and THERA. The CHORUS experiment uses a wide-band neutrino beam that mainly consists of ν µ neutrinos, with an average energy of 27 GeV, and contains ν µ , ν e , and ν e admixtures of about 6%, 1%, and below 1%, respectively. We evaluate the spectrumaveraged cross section per nucleon bound in lead using accurate parameterizations for the energy spectra of the individual neutrino species [22] as described in Eq. (38) of Ref. [18] . Furthermore, we approximate the effective nucleon PDFs of lead using Eq. (36) of Ref. [18] , with A = 207.2 and Z = 82, and include a nuclear correction factor for incoherent scattering of 1.31 [18] . At HERA, the lepton and proton energies in the laboratory frame are 27.5 GeV and 920 GeV, respectively. The respective values for THERA are planned to be 250 GeV and 1 TeV [19] . We adopt the same input parameters and PDFs, choose the renormalization and factorization scales, and estimate the theoretical uncertainties as in Ref. [18] . For simplicity, we take the CKM matrix to be diagonal. As a first step, we consider the integrated cross sections for CHORUS, HERA, and THERA, distinguishing between charmless and charmed underlying events X ′ and, in the latter case, between NRQCD and the CSM. The results are presented in Table 1 together with their theoretical uncertainties. For reference, we also quote the respective LO values for fully inclusive CC DIS, evaluated from Eq. (14.8) of Ref. [28] , choosing µ f = ξ f √ Q 2 , where ξ f is an unphysical scale parameter of order unity, and otherwise adopting the theoretical input described above. We estimate the theoretical uncertainties on these values similarly as in Ref. [18] . We observe that, in the CHORUS, HERA, and THERA experiments, 27%, 25%, and 36%, respectively, of the prompt J/ψ mesons are produced in association with an additional charmed hadron. The bulk of such events, namely, 94%, 86%, and 80%, respectively, can be accounted for by the CSM. On the other hand, the CSM cannot explain, at LO, J/ψ mesons associated with charmless underlying events. Therefore, the observation of such events with the predicted rates would provide another piece of evidence for the failure of the CSM. As for CHORUS, the fraction of CC DIS events that contain a prompt J/ψ meson is predicted to be 2.9 × 10 −7 in NRQCD and 7.2 × 10 −8 in the CSM. Both values are compatible with the trimuon rates reported in Ref. [24] . As for HERA, the luminosity integrated over the entire operation period is expected to be of order 1 fb −1 , so that there is not much phenomenological interest in a detailed study of the differential cross sections.
In the following, we focus our attention on CHORUS and THERA. We choose the laboratory frame and take the J/ψ rapidity y J/ψ to be positive in the flight direction of the incoming lepton. The p T and y J/ψ distributions for CHORUS are displayed in Figs. 2 and 3, and those for THERA in Figs. 4 and 5, respectively. In each figure, the NRQCD (solid line) and CSM (dashed line) predictions are compared. As explained above, the CSM contributions only arise from Feynman diagrams of the type shown in Fig. 1 
(b).
As for CHORUS, the NRQCD and CSM p T distributions exhibit maxima close to p T = 1 GeV and rapidly fall off with increasing value of p T because of limited phase space. The fall-off is significantly stronger in the CSM because the final state then always contains an additional heavy quark. The NRQCD and CSM y J/ψ distributions have their maxima close to 3 and 3.5, respectively. For y J/ψ ∼ > 3.5 GeV, they are similar in shape, while the CSM result significantly falls short of the NRQCD one as y J/ψ is decreased.
In the case of THERA, the NRQCD and CSM p T distributions have their maxima close to p T = 5 GeV and smoothly fall off with increasing value of p T . The NRQCD and CSM y J/ψ distributions have their maxima close to 0 and 1, respectively. In the forward direction, they are similar in shape, while the CSM result significantly falls short of the NRQCD one as y J/ψ is taken out to negative values. Table 2 : Fractions of prompt J/ψ mesons in νPb CC DIS at CHORUS that are produced directly and through the feed-down from χ cJ and ψ ′ mesons. In each case, the NRQCD results for charmless, charmed, and unobserved X ′ and the CSM result (for charmed X ′ ) are compared.
It is interesting to study which fractions of the prompt J/ψ mesons are produced directly and by the various feed-down channels. This is done for CHORUS in Table 2 . We observe that, within NRQCD, the values for the direct-production and χ cJ -decay modes significantly differ depending on whether X ′ is charmless or charmed, while there is hardly any difference in the case of feed-down from ψ ′ . As for charmed X ′ , the NRQCD and CSM values are practically indistinguishable. However, if X ′ is unobserved, then NRQCD and the CSM lead to significantly different results.
Conclusions
We studied prompt J/ψ production in CC DIS at LO in the NRQCD factorization formalism, providing the cross sections of all contributing partonic processes in analytic form. We presented theoretical predictions for νN fixed-target scattering at CHORUS and for e − p colliding-beam experiments at HERA and THERA, including conservative error estimates.
There are two distinct classes of final states, one excluding and one including charmed hadrons in addition to the J/ψ mesons. The former one results from pure CO processes, while the latter one may, to a large extent, already be explained within the CSM. Observation of J/ψ mesons without any additional charmed hadrons would, therefore, provide evidence in favour of the CO mechanism. If the systems accompanying the J/ψ mesons are not observed, then there are two indicators of the CO mechanism: (i) the cross section is typically increased by factor of 4 compared to the CSM; and (ii) the fraction of J/ψ mesons from χ cJ decay is dramatically increased w.r.t. the CSM, while the one of direct J/ψ mesons is substantially reduced.
A Partonic cross sections
In this Appendix, we present analytic expressions for the coefficients
, and A a [n] appearing in Eq. (12) . In order to compactify the expressions, it is useful to introduce the Lorentz invariants s = 2q · p, t = −2p · p ′ , and u = −2q · p ′ , which are related to the partonic Mandelstam variables by s =ŝ + Q 2 , t =t − m 2 , and
F m W and m W are the gauge coupling and mass of the W boson, respectively, G F is Fermi's constant, and V ud is the CKM matrix. 6) where the plus (minus) sign refers to the
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